Mineral phosphorus (P) fertilizers support high crop yields and contribute to feeding the teeming global population. However, complex edaphic processes cause P to be immobilized in soil, hampering its timely and sufficient availability for uptake by plants. The resultant low use efficiency of current water-soluble P fertilizers creates significant environmental and human health problems. Current practices to increase P use efficiency have been inadequate to curtail these problems. We advocate for the understanding of plant physiological processes, such as physiological P requirement, storage of excess P as phytate, and plant uptake mechanisms, to identify novel ways of designing and delivering P fertilizers to plants for improved uptake. We note the importance and implications of the contrasting role of micronutrients such as zinc and iron in stimulating P availability under low soil P content, while inhibiting P uptake under high P fertilization; this could provide an avenue for managing P for plant use under different P fertilization regimes. We argue that the improvement of the nutritional value of crops, especially cereals, through reduced phytic acid and increased zinc and iron contents should be among the most important drivers toward the development of innovative fertilizer products and fertilization technologies. In this paper, we present various pathways in support of this argument. Retuning P fertilizer products and application strategies will contribute to fighting hunger and micronutrient deficiencies in humans. Moreover, direct soil P losses will be reduced as a result of improved P absorption by plants.
Introduction
Phosphorus (P) is an essential, non-replaceable nutrient in biology, with finite global reserves. Whereas soils may contain pools of P that could be several thousand times higher than required for plant growth, only a small soluble fraction is available for plant uptake (Smil 2000; Sohrt et al. 2017) . This is due to complex edaphic processes and interactions with soil components such as iron and aluminum hydroxides in acidic soils, and calcium in alkaline soils. In addition, humidity, and the presence of clay particles also cause P to be immobilized in soil. Mean average temperature and precipitation are prime determinants of large-scale variability in plant production or annual net primary production, followed by nitrogen (N) and P (Cleveland et al. 2011) . N limitation is more likely to occur in temperate regions and P limitation in tropical areas, especially on highly weathered soils such as Oxisols and Ultisols that dominate the tropical lowlands (Cleveland et al. 2011) . Moreover, increased use of N fertilizers in agriculture in these regions could contribute in worsening P limitation and increasing P need of plants, due to alterations in microbial biomass P, and its ratios with microbial biomass N and C (Fan et al. 2018 ). Cleveland et al. (2011) reported foliage and soil P to be the best predictor for tropical lowland forest annual net primary production with an average of 14.7 and 18.8 t ha −1 year −1 for low and high P soils, respectively. Annual net primary production of approximately 8 t ha −1 year −1 is reported for the Sahelian region of Africa, of which about 3.3 t ha −1 year −1 is aboveground biomass (Ardö et al. 2018) . Hence, additional mineral fertilizers, including P, must be applied to attain high yields, as crop production is often nutrient limited under natural conditions (Breman et al. 2001; Fageria and Oliveira 2014) .
Global P fertilizer use has increased from 4.6 million tons in 1961 to approximately 21 million tons in 2015 and contributed to the green revolution and food security. Future global demand assessments estimate 22-27 million tons P year −1 by 2050 for cropland and an additional 4-12 million tons P year −1 for grassland (Mogollon et al. 2018) . Over the past two decades, however, a large body of literature debated that the P reserves might be depleted in about 70 to over 300 years, with a peak P demand around the year 2030 (Cordell et al. 2009; Van Kauwenbergh 2010) . Much of the P applied to soil as mineral fertilizers or organic manure is bound to soil, creating a pool of residual P, or is lost via leaching, runoff, and/or erosion and may reach waterbodies, contributing to eutrophication (Conijn et al. 2018) . Leaching of P could be exacerbated by depleted soil organic matter due to P-induced alteration in microbial community that alters both microbial activity and C cycling rates (Wakelin et al. 2017 ). However, when not leached, the surplus P may be retained by sorption on metal (Fe, Al) hydroxides, carbonates (Ca), and 1:1 phyllosilicates, or bound to organic matter compounds via cation bridges.
Global surpluses buildup at an estimated 11-16 MT P year −1 (Sattari et al. 2012; Bouwman et al. 2017; Lu and Tian 2017) which may become available to crops depending on the amount, distribution and cropping system (Rowe et al. 2016) , and by P activators though with highly site-specific effects (Zhu et al. 2018) . Excess P in surface waters causes toxic algal blooms and hypoxic conditions that are detrimental to aquatic life in inland water bodies and ultimately contribute to dead coastal zones (Chowdhury et al. 2017) . The environmental concerns and debate about "Peak P" have accelerated efforts to maximize P use efficiency for high crop yield. The environmental impacts of P could be minimized via multiple mitigation opportunities offered by optimized management and re-use of P along the entire P cycle (Chowdhury et al. 2017 ). These range from technological improvement in mining and production, reducing food waste, recovery and recycling of P from sewage sludge, manure, offal, and water bodies, to redistribution of P from regions with high abundance to regions with P deficiency. Optimized application rates based on prior soil information also stimulate uptake of residual soil P, placement of P, adapted cropping sequence to maximize P utilization, measures to reduce soil erosion, and discharge to water bodies, like vegetation buffer zones adjacent to streams, are a few of the possible mitigation measures to reduce emissions. These fertilization technologies and agronomic practices have been implemented already for several decades in some parts of the world to enhance P use efficiency. However, these have been unable to cut back P losses within the limits of the planetary boundaries (Rockström et al. 2009 ); defined as limits for the safe operating space for humanity beyond which deleterious or even catastrophic events will trigger non-linear, abrupt environmental change within continental-to planetary-scale systems. This is true for N as well (Conijn et al. 2018) . Thus, despite efforts to mitigate P losses, only 20-25% of primary P applied as fertilizer ends up in consumed food, which indicates significant P leaks in the food system (Van Dijk et al. 2016) .
For these reasons, Bindraban et al. (2015) called for a paradigm shift in nutrient-fertilizer design, packaging, and delivery to plants through pursuing a better understanding of plant physiological processes that drive nutrient uptake and utilization. It is hypothesized that a better understanding of the physiological mechanisms of P uptake by root and foliage, impact on photosynthesis, translocation to grains, synthesis of plant metabolites, and interaction with other nutrients will provide insights for developing alternative and more efficient fertilizer products and application technologies to optimally meet the biotic needs for P (Noack et al. 2010; Pandey et al. 2013; Withers et al. 2014) . Novel approaches for packaging P, including bio-and bio-nano-chemistry, hybrid P formulations of water-soluble P with phosphate rock, and phosphate rock formulations with organic acids or microorganisms are described in this paper. These approaches have the potential to fine-tune P supply to plants' metabolic processes, allowing for lower amounts of P to be used in fertilizers. These novel products may allow nutrient delivery through all organs such as roots, leaves, and stems, with the potential to reduce the amount of metabolically inactive or counteractive P stored in plant tissues. Moreover, improving the nutritional value of crops to better meet human dietary needs beyond calories could drive P-based fertilizer design and delivery as well . In this paper, we review potential pathways to arrive at innovative P fertilizer products and fertilization strategies to increase crop P use efficiency, thereby enhancing productivity and crop nutritional value.
Impact of P on crop growth, yield, and nutritional quality
The relationship between leaf P and N is particularly critical, given that both elements are essential for photosynthesis and plant development. Reich et al. (2010) provided evidence for a stoichiometric relationship between N and P leaf concentration for major plant groups that underpins the linkages of fundamental metabolic growth processes. Photosynthesis is primarily determined by leaf N content, but at lower P concentrations, such as in highly P-limited ecosystems, the relationship between maximal photosynthesis (A max ) and leaf N may be constrained by low P (Reich et al. 2009 ). Reich et al. (2010) reported the net photosynthesis rates to increase with increasing leaf P content, whereby 90% of their data points were below a leaf P concentration of 0.27% by weight. Maximal biomass and grain yield are also reported for soybean at leaf P concentration of 0.2-0.3% by weight (Singh et al. 2018) . Photosynthesis reaches A max at about 0.2-0.3% P by weight, with no clear relation between leaf P and A max at higher P levels where photosynthesis is likely no longer affected by P (Shane et al. 2004 ). These concentrations approximate 0.12 g P m −2 leaf and indicate that for a crop with full ground cover of leaf area index (LAI) of 6 to intercept full radiation would require a total amount of about 7.5 kg ha −1 metabolically active P for aboveground biomass (Withers et al. 2014) . Higher amounts of P may not contribute to higher growth. About 40-80% of the P in vegetative plant organs is translocated to grains in wheat and rice Dimkpa et al. 2018a ). In soybean Dimkpa et al. (2017a) observed a temporal decline in soybean vegetative (shoot and stem) P content from 261 to 203 mg plant −1 , even as grain P content increased from 76 to 128 mg plant −1 . This indicated that P was at least in part being remobilized from shoot to grain as the plant underwent reproductive development. Thus, as noted by several authors, P remobilized from vegetative organs to the grain could account for about 25-30% of the grain P (Tiryakioǧlu et al. 2014; Tian et al. 2017; Xie et al. 2018) . The remaining grain P is taken up during the reproductive phase. Total crop P, therefore, would include about 3 kg P in the stubble and 12 kg in grains per hectare at a yield level of 4-8 t ha −1 . Vandamme et al. (2016) observed that the linear relation between grain P content and grain yield of rice plateaued at around 0.25% grain P by weight. Rose et al. (2010) reported that variation in grain P concentrations of 0.20 to 0.32% by weight does not correlate to grain yield or seed size. These findings suggest that leaf and grain P contents above a threshold level no longer have beneficial effects. Thus, total plant P uptake can be regulated by modulating supply to align with the plant P requirement. Uptake of P from soil by plants under optimal growth ranges from 20 to 50 kg ha −1 (Heming 2007; D'Haene and Hofman 2015) . The difference with the amount needed to meet physiological requirements, implies that, in many instances, less P is required for optimal plant growth, relative to the amount of P supplied and taken up by the plant. Foyer and Spencer (1986) observed large differences in vacuolar P (non-metabolic pool) content among plants grown with different levels of phosphate supply, whereas cytoplasmic P (metabolic pool) is maintained at a constant level. Thus, much of the P is stored in vacuoles as phytate (the salt form of phytic acid; PA), buffering the P in the cytoplasm (Shane et al. 2004 ). At critically low levels of cellular phosphate, vacuolar P is depleted, to maintain cytoplasmic inorganic P (Pi) homeostasis. Schlemmer et al. (2009) provided data on phytate in various crops. Phytate accounts typically for 60-80% of total P in cereal grains, and 25-90% of total P in other seeds and fruits. The phytate content in cereals and legumes ranges from 5 to 25 g kg −1 grain, equivalent to 1.5 to 7.7 g P kg −1 grain. Oilseeds may contain 25 to 60 g phytate kg −1 grain. Small amounts of phytate have been reported in roots, tubers, and vegetables. Alkarawi and Zotz (2014) further report that phytate makes up about 5-7% of total P, or approximately 2.3 mg g −1 , on an average, with a median value of only 0.5 mg g −1 , in a wide variety of crop leaves; phytate proportion hardly changes with total P. Dietary intake of phytate, therefore, will depend on diet composition. For adults, this ranges from 180 to 370 mg day −1 for Western-style diets to over 1100 mg for vegetarians (Schlemmer et al. 2009 ). For Asian and African countries, higher intake levels of 500 to 4000 mg day −1 are found to be associated with higher intake of plant-based products (Ma et al. 2007; Joy et al. 2014) .
Phytate has several beneficial properties, such as being an anticarcinogen, a strong antioxidant, and an inhibitor of kidney stone formation (Graf et al. 1987; Thompson and Zhang 1991; Schlemmer et al. 2009 ). On the contrary, phytate inhibits the bioavailability of zinc (Zn), iron (Fe), and Ca to humans, contributing to nutrient deficiencies. In developing countries, the combination of high phytate intake and inadequate intake or deficiencies of trace elements, particularly Fe and Zn, will exacerbate malnutrition. The ratio of PA/Zn and PA/Fe is a first proxy for bioavailability of P, Zn, and Fe. According to the WHO (1996) , Zn absorption by humans reaches 50% at PA/Zn molar ratio less than 5; 30-35% at ratio 5-15; 15% at ratio greater than 15; and less than 10% at ratio 25 or higher.
Notably, the concentrations of several micronutrients, including Zn and Fe, in grains of cereal crops and in vegetables have declined, sometimes by more than half, over the past five decades (Mayer 1997; Davis et al. 2004; White and Broadley 2005; Garvin et al. 2006; Graham et al. 2007; Fan et al. 2008 ). This is a result of decades of breeding crops for higher yields (Bänziger and Long 2000; Monasterio and Graham 2000) , increased use of NPK-only fertilization, and gradual increase in atmospheric CO 2 concentration (Myers et al. 2014 ) that enhanced growth and yield. Depletion of soil micronutrients due to continuous cropping without adequate replenishment also has contributed to these declines (Jones et al. 2013; Shukla et al. 2015) . Consequently, reducing the phytate content of edible plant parts becomes even more critical for enhancing their nutritional quality. While the ultimate impact on human nutrition and health may be distant, Bindraban et al. (2018) in their review paper expand on the potential impact of micronutrient fertilization on nutritional quality, exemplified by the proven impact of selenium on human nutrition. In analogy with multi-million-dollar investments in genetic biofortification with the promise of increasing micronutrient uptake by humans, that is yet to be proven (Saltzman et al. 2017) , we postulate that it is worth exploring the nutritional dimension related to P, even as a conceptual start to the process of aligning plant nutrition and human nutrition.
Overall, P fertilization tends to increase straw and grain yield, and, consequently, total P content. However, at the same time, it reduces Zn content, worsening PA/Zn ratios (Zhang et al. 2017b ). Fe concentration is less affected, but its bioavailability is reduced due to increased PA/Fe molar ratio ( Fig. 1) . Buerkert et al. (1998) noted that the increase in total Zn uptake at 13 kg ha −1 P fertilization in millet observed with a concomitant decrease in Zn concentration resulted from dilution, rather than from P-induced Zn deficiency. Thus, the antagonistic relationship between P and Zn and biomass growth improvement causing dilution effect could both be at play in affecting Zn concentrations. Ryan et al. (2008) reported similar findings, with 20 kg P ha −1 reducing wheat grain Zn concentration by 30-40%. The authors ascribed their observations to a 50% decrease in root length colonization of arbuscular mycorrhizal fungi (AMF) that otherwise assist in uptake of less mobile nutrients, such as Zn. In a 16-year trial with maize, a decrease in the number of mycorrhizae spores and corn root mycorrhizal colonization were reported due to P treatments (Ortas and Islam 2018) . Zhang et al. (2017a) also argued that P application may have decreased Zn uptake by roots. In general, grain Zn concentration decreases with increasing P fertilization. The suppressing impact of P fertilization on Zn and, to a lesser extent, on Fe and Ca concentrations, associated with the increase in phytate content, exacerbates the deteriorating nutritional quality of agricultural produce.
Approaches to improve nutritional quality by reducing phytate content
In plant-based diets, reducing phytate content, while simultaneously increasing Zn or Fe content, will improve nutrient bioavailability, thereby reducing malnutrition. Any strategy to reduce human phytate intake should consider the implications for total intake of P. Total P intake in European countries of over 1500 mg day −1 (Welch et al. 2009 ) substantially exceeds reference P nutrient intake of 550 mg day −1 (British Nutrition Foundation 2017) . Similarly, the P intake levels in developing countries are likely to exceed reference intake as well, given the high consumption of predominantly plantbased diets. This could justify a reduction in the total amount of P in seeds through reducing the phytate content of grains meant for human consumption. However, such reduction is not applicable to seeds intended for use in plant propagation, given the high early P needs of young seedlings. Raboy (2009) outlined approaches and challenges to engineer low phytate and low total P seeds that could be an ideal seed P trait for human consumption. This author distinguished "cellular P", representing the sum of all P-containing compounds, such as P in DNA, RNA, proteins, lipids, and carbohydrates, but which excludes PA and Pi (Fig. 2) . In the figure, available and non-available phosphate refers to nutritional availability for non-ruminants and assumes that available P approximately equals the sum of all P other than phytic acid P. Douglas et al. (2000) observed in monogastric animals that P in low-phytate corn was two to three times more bioavailable than P in conventional corn and that the digestibility of amino acids in highprotein/low-phytate corn was equal to or higher than that in conventional corn.
Considerable variation in phytate-micronutrient content is reported for crop varieties. Other than agronomic practices, strategies such as screening for genetic variability, identification of low PA (lpa) mutants, developing transgenics, and use of molecular markers have been employed to reduce the seed PA content (Perera et al. 2018) . In japonica rice, the genotypic variation in seed PA content ranged from 0.68 to 1.03% (Liu 2005) synthesis of PA in seeds have been identified in several crops such as wheat, maize, barley, rice and soybean (Raboy 2000; Hitz et al. 2002; Dorsch et al. 2003; Pilu et al. 2003; Guttieri et al. 2004; Liu et al. 2007 ) which led to a reduction by 45 to 95% in PA accumulation in mutants as compared with wildtype seeds. However, the seeds developed by breeding or mutation are inferior with reduced germination, poor seedling establishment, and ultimately reduced yield. To overcome this limitation, the use of DNA marker and transgenic approaches has been adopted. Two quantitative trait loci (QTLs) have been identified for PA content from the mapping population in rice indicating that grain PA concentration is genetically controlled (Stangoulis et al. 2006 ). These QTLs were present on the chromosomes 5 and 12 and were flanked by molecular markers (RM 305, RM 178, RM 247, RM 179) without overlapping with other QTLs for micronutrient accumulation such as Fe, Mn, and Zn. So, using these DNA markers in markerassisted plant breeding would reduce the level of PA in seed without compromising micronutrient content and agronomic performance. Besides, there are several genes involved in the synthesis of inositol phosphates and PA accumulation in grains, out of which two genes, namely, Ins(3)P1 synthase (RINO1) and inositol-pentakisphosphate 2-kinase 1 (IPK1) were successfully used to develop rice transgenics (Kuwano et al. 2009; Ali et al. 2013 ). These genes were silenced in seeds using seed-specific promoters that resulted in 68% reduction in PA accumulation with no adverse effect on seed germination or plant growth. Similarly, low PA transgenic lines were developed in soybean by silencing genes inositol polyphosphate 6-/3-/5-kinase (IPK2) and myo-inositol-3phosphate synthase (MIPS) with significant reduction in seed PA and increase in Fe, Zn, and Ca content (Punjabi et al. 2018; Kumar et al. 2019) . It may take another 6-8 years to develop crop varieties with low PA and increased micronutrients without compromising on plant growth and grain yield either through conventional breeding or transgenic approaches. However, this time frame could be reduced through the recent concept of generation advancement by "speed breeding" (Ghosh et al. 2018) wherein plants can be grown from seedto-seed up to six times in a year-based on crop species.
In general, crop fertilization solely with P has a limited impact on yield, except on strongly P-limited soils such as Oxisols, where plants remain vegetative and do not produce grains without P fertilization (e.g., Fageria and Oliveira 2014) . Under sufficient N and K fertilization, P may modestly increase yield by 10-20% across crops and soils. Accordingly, such minimal effect could be justification for using half of the recommended P application rate (Valkama et al. 2009 ) under sufficient N and K conditions. P utilization efficiency is enhanced when applied together with other nutrients, in particular N and K (Duan et al. 2004 ) and also sulfur (S) and Zn (Weldegebriel et al. 2018) . The case of Zn may be surprising, given undesirable interactions between Zn and P. However, Zn plays a role in P-mobilizing processes in the rhizosphere, which will be explored in more detail below. Increases in root length and mass due to P fertilization have resulted in higher accumulations of K, Ca, and copper (Cu) in millet (Buerkert et al. 1998) ; of N, Ca, Mg, K, S, Cu, and manganese (Mn) in legume cover crops (Fageria et al. 2016) ; and Ca in rice (Ryan et al. 2008) . Indeed, mostly synergistic, rather than antagonistic, effects have been reported with several cations (Rietra et al. 2017 ). Yet, there is a negative impact on grain Zn and, to a lesser extent, Fe concentration. This justifies the identification of approaches to enhance Zn and Fe concentrations under P fertilization.
The application of Zn can simultaneously increase crop yield and grain Zn content under limited soil Zn availability (Drissi et al. 2015; Dimkpa et al. 2017a Dimkpa et al. , b, 2018b Dimkpa et al. , 2019a . Grain Zn content can be more than doubled, even under sufficient Zn soil supply, through foliar Zn application, while grain P or phytate content is not, or only modestly, affected (Zhang et al. 2012; Khan et al. 2018; Xia et al. 2018 ). As such, foliar Zn fertilization can significantly reduce the PA/Zn molar ratio and increase the bioavailability of both Zn and P. Wang et al. (2015) demonstrated a marked reduction in PA/Zn ratio from over 30 in the control treatment to below 15 with Zn fertilization. However, in their study, the lowest Zn application rate was 60 kg Zn ha −1 and the highest 350 Zn ha −1 . These rates exceed Zn application rates under common practice by 10-to 30-fold. With Zn uptake of 250-400 g ha −1 , these practices are highly unsustainable, but worthy of note to inform on the need for good fertilization practices. It is noteworthy in this context that Doolette et al. (2018) found foliar Zn-EDTA to be taken up and transported as chelates, rather than as ions. Compared with Zn-EDTA, ZnSO 4 at such high levels used by Wang et al. (2015) may attain toxic levels of ionic Zn that need to be complexed by ligands in the leaf, such as phytate and 
Toward innovative P fertilizer products and fertilization technologies
Several practices have been identified to enhance P recovery and utilization along the food chain, some of which have been mentioned above (e.g., Reijnders 2014; Chowdhury et al. 2017) . It is worth noting that the specific practice to be adopted for optimizing P use by plants would originate from a better understanding of strategies used by plants themselves for P utilization. These strategies have been outlined by Elanchezhian R et al. (2015) and references herein). For example, alteration in root system architecture and morphology in response to P stress is a common phenomenon, while physiological and biochemical responses include exudation of organic acids, protons, enzymes (acid phosphatase), kinetic parameters, and mycorrhizal association. At the molecular level, there is upregulation of P starvation-induced genes such as high-affinity Pi transporters, phosphatases, anion efflux transporters, while maintaining cellular Pi concentration through several "bypass" enzymes involved in primary metabolic processes.
In this paper, we have refrained from presenting a detailed overview of P recovery-enhancing practices. Instead, we have focused more on practices related to P fertilizer products and fertilization strategies that affect yield and nutritional quality. Increasing crop yield while addressing the nutritional challenge of phytate and micronutrients requires modification of P fertilizer products and fertilization strategies to simultaneously maintain, if not enhance, the uptake of other nutrients, in particular Zn and Fe. Figure 3 depicts various pathways for processing and administering P-based fertilizers to soils and directly to plants as foliar treatments. These pathways are introduced in the following paragraphs. We note that this paper does not elaborate on the economic viability of the proposed pathways. Production costs might be minimal for acidulating phosphate rock with water-soluble phosphates, while additional cost of producing "nano P" could be a barrier to practical utilization. In any case, we propose (see Dimkpa and Bindraban 2018 ) that a comprehensive cost-benefit analysis of different pathways versus conventional P fertilizers be conducted, to determine whether yield increase, nutritional improvements, use of lower P rates, and environmental stewardship outcomes (reduced leaching losses) attributed to counterbalancing any incurred costs during production and marketing, either directly in the fertilizer pricing, or indirectly through (subsidized) payments for societal (health) ecosystems services.
P-fertilizer processes, products, and technologies
Use of organic substances and soil microorganisms Root exudates containing organic substances are important for conditioning the rhizosphere to influence nutrient bioavailability and uptake by plants, and nowhere are they more critical for this function than in low nutrient soil conditions (Dakora and Phillips 2002) . Vengavasi and Pandey (2016) identified soybean genotypes that release large amounts of carboxylates under low P stress, and the root exudates can efficiently mobilize bound soil P. These authors subsequently demonstrated that when grown in soil under natural environment, soybean genotypes efficient in root exudation also exhibited an improved photo-biochemical machinery, leading to higher photosynthesis and carbon fixation (Vengavasi and Pandey 2018) . However, adding chemically produced chelating agents or organic acids to soils increases the solubility of P under laboratory conditions, but the impact on P availability and crop productivity is low or absent under pot or field conditions (Smit et al. 2013 and references herein). Nevertheless, the use of citric acid to coat the surface of the synthetic version of the naturally occurring P source, nano hydroxyapatite, enhanced P availability, and improved root development, shoot growth, and cob yield in maize (Samavini et al. 2018) . Notably, the process of synthesizing nano hydroxyapatite involves increasing the solution pH, which could affect P solubility. Since surface properties determine the outcome of the interaction of nanoscale materials with their environment (Dimkpa 2018) , modifying the surface of the nano hydroxyapatite with citric acid helped to retune the material for a specific objective, in this case higher dissolution.
A variety of soil microbes can solubilize nutrients such as P, Fe, and Zn, but the fraction of the solubilized nutrient taken up by the plant is not clearly known, as it is affected by the amount solubilized, nutrient requirement of microorganism, root exudation of organic acids, soil nutrient status, sorption capacity, pH, and several other factors (Adesemoye and Kloepper 2009; Khande et al. 2017) . A meta-analysis involving soil-based, plant growth-promoting microbes finds promising yield improvements of 10-20%, especially under dry and high soil P conditions (Schütz et al. 2018 ). However, besides the fact that individual studies evaluating the effects of microbial inoculum on plant productivity are often not repeated, authors also in most cases do not identify the ecological drivers that cause higher yields, such as changes in nutrient uptake, nor do they exhaustively discuss the functional mechanisms, such as root proliferation or exudation. In this regard, specific to P availability is the role of mycorrhiza that co-exist with plants. Mycorrhization influences P relations with plants using a variety of mechanisms: (i) it helps to extend the root volume, and by so doing decrease the diffusion distance of P ions to plant roots, while simultaneously increasing the surface area for P absorption; (ii) it facilitates the movement of P into the mycorrhizae-plant interface by increasing the affinity for P ions and by decreasing the threshold concentration for P absorption; and (iii) it promotes P solubilization by stimulating the excretion of organic acids, phosphatases, and other metabolites that increase the labile P pools from insoluble organic sources. Mycorrhizal plants have been shown to increase the uptake of P from poorly soluble P sources, such as Fe and Al phosphate and phosphate rock. Evidently, the exploitation of plant genotypic variability in terms of the degree of mycorrhizal fungi infection or root exudation of carboxylates and acid phosphatase enzymes shows promising results (Bolan 1991; Koele et al. 2014; Fan et al. 2018) .
Phosphate-solubilizing bacteria (PSB) have been studied for their ability to solubilize P from phosphate rock, thereby improving plant growth and P uptake in various plant and soil systems (reviewed in Alori et al. 2017 ). Thus, the topic of PSB effects on crops is not intended to be covered in detail in this paper. However, in terms of P product development, Goldstein (2014) discusses how specific PSB and/or organic acids (e.g., gluconic acid) released by them to facilitate phosphate rock dissolution can be formulated with phosphate rock. Notably, the effectiveness of PSB solubilization of phosphate rock will vary with rock chemistry. Whereas high carbonate content phosphate rock is highly reactive, those with high fluoride content have less reactivity (Chien and Hammond 1978) . Improvements in the formulation for higher efficiency can be achieved by increasing the phosphate rock surface area through preliminary grinding prior to formulation with PSB or organic acids, and by addition of a carbon source (glucose) as a feedstock for the biosynthesis of gluconic acids by the formulated PSB. Progress with respect to PSB/organic acidphosphate rock formulations has been reviewed by Vassileva et al. (2010) in which they discussed co-opting different agroindustrial wastes and phosphate rock as substrates in P solubilization by microorganisms under solid-state and submerged fermentation conditions. The authors also reviewed the multiple mechanisms by which P-solubilizing microorganism improve plant performance and soil properties, including production of enzymes, siderophores, and plant hormones. Notably, ex situ experimentation with these bio-products in the bioremediation of heavy metal contaminated and dry soils provided useful insights into the importance of these multifunctional properties. Hence, P-solubilizing microorganisms perform not one, but multiple roles that should be exploited for strategic application in biofertilization. In any case, such products must be evaluated for their shelf life, effectiveness under different temperature and humidity conditions, and ability to withstand the rough and tumble of transportation across national and international markets. In addition, the cost-benefit implications must be demonstrated through extensive field evaluations with different crops and soil types, in comparison with water-soluble P and unprocessed phosphate rock. Use of PSBs, combined with organic substances such as glucose, increases P availability from phosphate rock, primarily due to acidulation by organic acids produced by the microorganism. Apparently, the production of organic acids is enhanced in the presence of precursors such as glucose (Song et al. 2008) . Conventionally, PSBs are selected based on their ability to dissolve tricalcium phosphate. However, as argued by Bashan et al. (2013a) , tricalcium phosphate is relatively weak and unreliable for isolating and testing PSBs, relative to P-metal complexes. Hence, most PSBs identified in laboratory studies based on tricalcium phosphate dissolution have not lived up to the expectation of significantly contributing to P supply of plants. Based on these concerns, Bashan et al. (2013a, b) recommended that depending on soil pH, rather than sole tricalcium phosphate, a combination of multiple metal-P compounds, with addition of phosphate rock, and with or without tricalcium phosphate, should be used together or in tandem as an initial selection factor.
Acidulation to improve P availability The goal of the conventional acidulation (or acidification) pathway through energy intensive and heavy chemical processing is to derive watersoluble P fertilizers from phosphate rock for soil application; phosphogypsum (PG) as a byproduct of this process. The effectiveness of water-soluble P is limited due to high tendency of fixation to soil particles. In contrast, direct application of phosphate rock as fertilizer is ineffective for uptake by plants due to low solubility. Accordingly, various innovative pathways can be pursued to "activate" phosphate rock sources that have demonstrated to be effective as P fertilizers under controlled conditions, but for which solid evidence for effectiveness under field conditions is yet to be established. Mixing of water-soluble P fertilizers with phosphate rock at different ratios enhances solubility due to acidulation. This strategy increases P uptake to levels comparable to those from sole water-soluble Ps, depending on the mixture ratios, and soil properties such as pH (IFDC 2018).
Various milling processes that reduce phosphate rock particle size to increase solubility can provide low-cost alternative approaches to the production of water-soluble P fertilizers. However, finely ground phosphate rock has been shown to insufficiently improve phosphate rock effectiveness (Ibrahim et al. 2010) . To further improve efficacy, ultra-fine grinding of phosphate rock to 10-20 μm and combining with lignin which activates the phosphate rock has been found to enhance P uptake to levels comparable to, if not better than, water-soluble P fertilizers in pot experiments (Huang et al. 2014) . Combining equal amounts of water-soluble P fertilizers, such as single superphosphate or triple superphosphate, with phosphate rock increases the uptake of P from the phosphate rock by 100% or more, when compared with sole phosphate rock application (Chien et al. 1996) . This is due to the acidulating effect of water-soluble P on phosphate rock.
Formulations of water-soluble P + phosphate rock have been recommended as an agronomically and economically attractive option for utilizing indigenous phosphate rocks, based on field trials in Asia, sub-Saharan Africa, and Latin America (Chien and Menon 1995) . Recently, the International Fertilizer Development Center (IFDC 2018; Agyin-Birikorang, personal communications) has been optimizing the mixtures of different water-soluble P fertilizers with phosphate rocks from different geographical sources, in order to maximize P uptake by plants and increase economic benefits for the farmer. Preliminary greenhouse pot experiments revealed that diammonium phosphate, when combined with phosphate rock at a 1:4 ratio, markedly enhanced P uptake. Diammonium phosphate is a more commonly available watersoluble P fertilizer source than triple superphosphate in most developing countries and has a stronger acidulation effect. Crop yield obtained with the water-soluble P-phosphate rock combination at the 1:4 ratio is similar to that from diammonium phosphate in alkaline soils (pH 7.8), while it exceeds yield by nearly two-fold, compared with yield from diammonium phosphate in acidic soils (pH 4.7). We hypothesize that the prompt and high bioavailability of water-soluble P stimulated early root development and seedling growth that, in turn, enhanced the uptake of the "acidulated phosphate rock" subsequently. This temporal supply of P ensures its continuous provision during the entire plant growth cycle. Field trials in several countries in Africa are currently underway and promise to provide useful data to support scale-up and extensive recommendation of this product on the continent.
Nanotechnologies for improving P use Recent advances in nanotechnology suggest the possibility of decreasing P loss while increasing its plant use efficiency. Nanotechnology is the exploitation, production, modification, and utilization of materials at the nanoscale (≤ 100 nm). Nanoscale materials are more reactive than conventional materials, due to their greater surface area. Various physically or chemically produced nanoscale P, such as nano-hydroxyapatite, can modulate P release rates to more precisely meet crop demand and reduce losses from imprecise supply. Some of these advanced Pfertilizer products can be applied directly to foliage, thereby circumventing soil complex chemistry.
Nanotechnology has been applied to modulate P solubility, relative to highly water-soluble P forms [e.g., monoammonium phosphate, diammonium phosphate, and triple superphosphate (to reduce solubility)] and highly insoluble phosphate rock (to increase solubility). Accordingly, the synthesis of "nano-P" (nanoscale hydroxyapatite) has been reported (e.g., Liu and Lal 2014; Samavini et al. 2018) . Nano-hydroxyapatite is produced in a stepwise reaction of calcium hydroxide or calcium chloride and phosphoric acid (H 3 PO 4 ). The stability of nano-P suspensions can be enhanced by addition of carboxymethyl cellulose or hexadecyl(cetyl) trimethyl ammonium bromide, which keeps the nanoparticles from aggregating. Soil treatment of soybean with nano-hydroxyapatite enhanced biomass (17%) and grain yield (23%), compared with triple superphosphate (Liu and Lal 2014) . Similarly, application of nanohydroxyapatite in a sand matrix increased chickpea shoot between 49 and 96%, relative to the control treatment (Bala et al. 2014 ). Unfortunately, this study did not compare the effect with water-soluble P or phosphate rock, nor was it conducted in actual soil. However, nano-hydroxyapatite increased P content of lettuce (13%), with a corresponding shoot biomass increase (11%), relative to H 3 PO 4 (Taşkın et al. 2018) . Foliar application of nano-hydroxyapatite on baobab (Adansonia digitata) seedlings increased leaf P content by 55 and 38%, compared with monoammonium phosphate or diammonium phosphate, leading to a leaf chlorophyll increase of 88 and 19%, and a dry biomass increase of 90 and 35%, respectively (Soliman et al. 2016) . Collectively, although nanohydroxyapatite was not always compared with water-soluble P and phosphate rock in these examples, positive effects were reported in all cases. This points to the strong potential of nanohydroxyapatite for increasing P uptake. Invariably, increasing P uptake efficiency would reduce the rate of P addition into the ecosystem, allowing for reducing both environmental P loss and overall P content of crops for less quantity of phytate.
Uptake of intact P nanoparticles has been observed in plants exposed to nano-hydroxyapatite from the root (Bala et al. 2014) . The relatively reduced solubility and mobility of nano-hydroxyapatite in soil (Liu and Lal 2014) ensure more residual soil P and subsequent plant uptake. Thus, using nanoscale P in agriculture will minimize P leaching or fixation. Furthermore, foliar application could portend a novel method of P delivery, given reported uptake efficiency of intact nanoparticles via leaves (Soliman et al. 2016) . In any case, functionalizing nano-P allows for repurposing it for modulating P uptake, where levels in edible plant tissues need to be regulated to counteract undesirable interactions with other essential elements such as Zn. Kottegoda et al. (2017) demonstrated that formulating nano-hydroxyapatite with urea (1:6 ratio) can slow nutrient (N and P) release. Rice yield was increased by 8% with the urea-nano hydroxyapatite, compared with conventional urea + P fertilization, while P uptake was similar between the two treatments. Thus, P in nano form could permit using less P to produce same yield, but with lower plant P content. Where enhancement of P uptake is required, nano-hydroxyapatite can be further improved by in situ addition of organic acids. Samavini et al. (2018) added citric acid during the synthesis stage of nano-hydroxyapatite, modifying the surface of the nano-hydroxyapatite and generating more discrete and stabilized particles, compared with pure nano-hydroxyapatite. P release from pure nanohydroxyapatite was 50% greater than from phosphate rock. However, addition of the organic acid during, rather than after, production generated a final citrate-hydroxyapatite nanocomposite with reduced (74%) solubility, compared with the nanohydroxyapatite with ex situ-added organic acid, during the first 10 days. Nevertheless, the products showed similar P release rates after 50 days. Notably, in potted peat, the insitu citrate-nano-hydroxyapatite (50 mg P kg −1 ) improved maize cob yield by 172-800% (dependent on the nano formulation), when compared with ex situ-derived citrate-nanohydroxyapatite; by 125-275%, compared with triple superphosphate; and by 800-1400%, compared with phosphate rock. Maize root biomass was also strongly improved by the in situ citrate-nano-hydroxyapatite products, compared with ex situ citrate-nano-hydroxyapatite, triple superphosphate, pure nano-hydroxyapatite, and phosphate rock, in that order. Sharonova et al. (2015) described nano-P produced by physically grinding phosphate rock into nano-size particles and further processing by vanning (separation by repeated washing and swirling) in flowing water, concentrating (drying and activation in citric acid) and mixing in water. This generated a "nanostructured water-phosphorite suspension" containing up to 200 g P L −1 . The nanostructured water-phosphate rock suspension was evaluated as a P source for plants at greenhouse and field scales. Specifically, in field studies in which the nanostructured water-phosphate rock suspension and phosphate rock (each at 0.4%, in water) were foliarapplied to corn, fresh yield was increased 8% by nanostructured water-phosphate rock suspension, relative to conventional phosphate rock. In cucumber, seed-dressing with the nanostructured water-phosphate rock suspension produced yield increases of 15% using 0.25 kg of the nano suspension t −1 seed, and 20% using 1.25 kg of the suspension t −1 seed, when compared with 1.25 kg t −1 of seed treated with conventional phosphate rock. Notably, foliar application of the nanosuspension at 0.25% in water also increased cucumber yield by 22%, compared with a ground phosphate rock suspension at same concentration. Collectively, these results indicate strong potential of nano-P products, such as nanostructured water-phosphate rock suspension, in crop productivity as seed dressing and foliar amendments.
Recycling P to lower new P input The growing environmental challenges caused by P leaching losses, depletion of P reserves, and geopolitical inter-dependency on P have accelerated efforts to recover and recycle P. The main P-rich waste streams are manure, sewage sludge, slaughterhouse waste, and food waste. Utilization of these secondary phosphates as fertilizers is in its infancy. Extraction methods to recover P from waste and offal are being optimized to generate potential P fertilizers (Ueno and Fujii 2001; Rahman et al. 2014) . Struvite (ammonium-magnesium phosphate) is a prominent example of recycled P from wastewater and sludge (Ohtake and Tsuneda 2019). Struvite is reported to perform as a slow release fertilizer (Talboys et al. 2016) . Notably, the exportation of struvite from surplus regions in Europe to African countries with P scarcity is currently being explored (De Vries et al. 2017) . Undoubtedly, existing P extraction and recycling options hold a strong promise. Nevertheless, we argue that inculcating the knowledge of plant physiological processes driving nutrient use could result in more effective and appropriate fertilizers that meet plant P demand, rather than mere optimization of extraction methods that do not necessarily address the issue of meeting a precise plant P requirement. Moreover, composite nutrient products, specifically incorporating Zn and Fe in P-based fertilizers, are likely to be more effective for addressing the P-related food challenges, compared with sole P products, or products with inappropriate nutrient compositions. Nowhere in the world needs such products more than Africa, where, with only 5 kg ha −1 P being historically used (Ciceri and Allanore 2019) , the challenges of nutrient shortfall and pervasive and acute hidden hunger must be met, head-on. However, such innovation and optimization should prevent the creation of environmental problems associated with excessive P use in Africa, as in other parts of the world. Approaches inappropriate to the specific conditions of the continent or that do not meet specific plant demand for P should, therefore, be discouraged.
To this end, advanced bio-nano technologies could contribute in improving the processes for extracting and deriving Pbased fertilizer products, and for coping with the complex edaphic processes and allowing novel modes and timing of P application to plants. In this regard, the concept of nanoparticles as potential sorption sites for P in soil has been noted as being behind the practical application of Fe-based nanoparticles for P recovery from wastewater streams . By implication, sorption of P from waste streams using Fe and utilization of the recovered product as fertilizer involves multiple nutrients, in this case Fe and P. Compared with struvite, this strategy potentially addresses the need for smart fertilization to simultaneously tackle the micronutrient deficiency challenges faced by resource-poor populations. The review of Kumar et al. (2018) discussed the role of sorption as a feasible process for the removal of P from aquatic environments serving as sinks for P due to excessive fertilization. The authors noted that P sorption can be achieved using sorbents such as conventional oxides of Fe, natural ores like calcite, and goethite. However, compared with these conventional sorbents, use of nanoscale Fe has gained attention due to its higher sorptive capacity for P. In one example of work in this area, a slurry of nanoscale Fe was used for P removal and recovery, whereby between 96 and 100% of P, ranging in concentration between 1 and 10 mg L −1 , was removed within 30 min, with an efficacy that was 14 times higher than that of conventional Fe oxide (Almeelbi and Bezbaruah 2012) . P recovered using this process increased spinach root and shoot growth by 243% and 255%, respectively, compared with treatment with Fe (from ferric chloride) and P (from monopotassium phosphate) contained in the growth medium. These benefits occurred with an 11-fold increase in Fe uptake in the leaves of the nano-treated spinach plants, although leaf P uptake was not differentially affected by the P-sorbed nano-Fe, compared with P from the growth medium (Almeelbi and Bezbaruah 2014) . The similarity in P content between the treatments indicated that P recovered from waste streams using nanotechnology could be as equally bioavailable to plants as P from a conventional nutrient source. Therefore, the successful rapid removal of P by nanoscale Fe from aqueous environments is expected to have widespread application in the clean-up of P-rich waters, with the recycling of the recovered P contributing to reduction of the input of new P into the agricultural space, and together with the Fe, provide more balanced nutrition for the plant.
Harnessing beneficial nutrient interactions to improve P use efficiency in soil The optimization of nutrient combinations, in particular N and P for growth, and Zn and Fe for quality, is essential for developing nutrition-sensitive fertilizers that increase nutrient uptake efficiency. However, such optimization should be fine-tuned to specific crops and agro-ecologies to better address local and regional P peculiarities (Dimkpa and Bindraban 2016; Kihara et al. 2017; Njoroge et al. 2018 ). There is evidence that when bioavailable P is limited in soil, the application of micronutrients can contribute to native P mobilization, leading to improved P use efficiency in terms of plant growth and P uptake, even without additional P fertilization. For example, Raliya and Tarafdar (2013) reported that fertilization with conventional Zn (bulk Zn oxide) by foliar application (25 mL/plant of 10 mg Zn L −1 ) increased shoot and root elongation of cluster bean by 7% and 16%, respectively. This outcome was concomitant with a 53% increase in root area, which allowed 8% more shoot P accumulation, compared with the control plants. Notably, the alkaline soil used in the study contained a high amount of total P (733 mg kg −1 ) of which, ostensibly, only a small fraction would be bioavailable; no additional P application was made. Zn is a co-factor for many enzymes (Nelson et al. 2008) ; thus, activation of P-mobilizing microbial enzymatic activities in the rhizosphere by Zn is very likely. In agreement with this role, Raliya et al. (2016) reported increased activities of specific P-solubilizing enzymes in mung bean rhizosphere, including acid and alkaline phosphomonoesterase, and phytases, by foliar application (25 mL/plant of 10 mg Zn L −1 ) of Zn. Both nano [22.4 nm] and bulk scale ZnO were used in the study, to demonstrate nutrient particle size-specific effects. The increases with nano ZnO treatment were 44%, 60%, and 60%, respectively, compared with the control (no Zn) treatment, and 37%, 20%, and 30%, compared with bulk ZnO treatment. Interestingly, the increased microbial Penzyme activity induced by Zn was associated with 21% lower soluble P in the soil, compared with the control, suggesting that P was being mobilized from fixed pools in the soil. However, compared with the control, a modest 2% increase in P uptake in the plant was reported with bulk ZnO, while nano ZnO increased P uptake by 9%, relative to the bulk ZnO. Overall, root development (length, area, and nodulation) was enhanced 27% by Zn treatment, relative to control plants. In addition to these effects, bulk ZnO caused higher abundances of soil bacteria, fungi, and actinomycetes than the control treatment. Interestingly, these microorganisms were 14%, 17%, and 17%, respectively, more abundant with nano ZnO treatment, compared with bulk ZnO treatment. These nanospecific effects were likely due to a variety of reasons related to nanoscale materials. Firstly, nanoparticles can be transported basipetally (Wang et al. 2012) . Secondly, nanoparticles can have higher reactivity in terms of dissolution rate, which drives rapid solubilization of bioactive Zn ions and internalization by the plant. Moreover, the significantly smaller size of the nano-Zn could facilitate uptake of the intact nanomaterial via the leaf stomata, as indicated with other nanomaterials (Wang et al. 2013; Larue et al. 2014) . Once inside the leaf cells, the nanoparticles and/or dissolved ions can be translocated via the phloem to the root and then the soil (Wang et al. 2012; Elmer et al. 2018) . Thus, the combined action of the intact nanoparticles and dissolved Zn ions caused greater availability of Zn passing through the plant to the soil microbes in the rhizosphere. This string of events enhanced the bioactivity of the ZnO nanoparticle treatment, relative to the bulk ZnO treatment. We note, however, that the study did not describe which plant tissue was analyzed for P; P could partition differently in tissues of different plants (Dimkpa et al. 2018b (Dimkpa et al. , 2019b . Remarkably though, these findings were reported in soil in which no additional P fertilization was applied, indicating that augmenting the plant with Zn can influence P dynamics and utilization in native soils with fixed P pools.
Although P-Zn interactions can have negative outcomes for the uptake of both nutrients due to the potential for formation of insoluble Zn-phosphate complexes at high application rates, specific P-Zn fertilizer products can enhance plant uptake of P. For example, Watts-Williams et al. (2014) reported between 6 and 21% increases in tissue P of tomato cultivars exposed to Zn-phosphate-carbonate, compared with several other Zn products, including Zn-sulfate, Zn-oxide, Zn-carbonate, and Zn-phosphate. Concomitantly, Zn uptake was increased between 4 and 66% in the tissues of plants exposed to Zn-phosphate-carbonate, compared with other treatments. In the study, the bioavailable soil P content was 12.8 mg kg −1 ); P levels were equalized in all treatments to a final rate of 25 mg kg −1 . Thus, the effect of product type on P accumulation was not due to unbalanced P in the treatments. The P or Zn increases in the plant occurred even though Zn-phosphatecarbonate did not significantly enhance plant biomass, compared with other Zn-fertilizer types. The findings for Zn-phosphate-carbonate is quite intriguing, as it would seem counterintuitive that the presence of carbonate, a major sink for soluble P in alkaline soil, would facilitate P uptake. However, we also noted that the given solubility of Znphosphate-carbonate was low, relative to other product types; and also, that the particle size of the Zn-phosphate-carbonate was 100 nm (Watts-Williams et al. 2014) . This particle size range could facilitate the uptake of an intact Zn-phosphatecarbonate compound by plants, thereby circumventing interactions with soil components that affect P uptake. Interestingly, intact nano-scale P particles were observed in aboveground plant tissues upon treatment from root (Bala et al. 2014) , supporting the possibility of uptake of nano-size Zn-phosphate-carbonate. Thus, fertilizer products such as Znphosphate-carbonate can simultaneously improve P and Zn use efficiency, despite the negative interaction between these nutrients. Obviously, more studies are needed with different crop species and soil types, as well as to understand the potential mechanisms of uptake of specific P products by plants.
Exposure to Fe 2 O 3 nanoparticles was thought to influence plant P accumulation from an alkaline soil by providing adsorption sites for P (Zahra et al. 2015) . The Fe 2 O 3 nanoparticles caused a dose-dependent 21-79% increase in dissolved P in soil, relative to the control treatment. Consequently, dissolved P in soils increased P uptake (25-100% more P, relative to the control) in lettuce root, in turn, promoting root development (30-60% in dry root biomass), enhancing shoot P accumulation (40-88%), and ultimately, shoot development (6-26% in dry root biomass), compared with the control soil. In a feedback mechanism, root growth stimulation resulted in higher root exudation of organic acids that contributed to lowering the rhizosphere pH (with pH dropping from > 7.9 to 7.3). This further contributed to more P solubilization and uptake (Zahra et al. 2015) . Unfortunately, the Fe 2 O 3 nanoparticles were not compared with a bulk equivalent to establish the nano-specificity of the observed effects.
In a different study, Srivastava et al. (2014) synthesized nano-pyrite (FeS 2 ) by a stepwise procedure involving a buffered reaction of ferric chloride and sodium citrate, followed by addition of sodium polysulfide, heating, stirring, separation by centrifugation, and washing. When the effect of the nanoproduct was evaluated on spinach in a soil without NPK fertilization, significant increases in leaf number, leaf area, and fresh and dry weights of the plant were reported, compared with the untreated control. While this study did not demonstrate a nano-specific effect of the pyrite owing to the absence of a bulk pyrite treatment, it did demonstrate that an amendment of FeS 2 could increase crop yield in the absence of added P. To more directly address the relationship with P fertilization, Das et al. (2018) conducted a subsequent study in rice using soil with a moderate (17 kg ha −1 ) bioavailable P content. The study treatments comprised untreated soil (control), NPK (40 kg P ha −1 from diammonium phosphate), FeS 2 (50 μg mL −1 as a seed dressing), and FeS 2 + NPK. Rice tiller number and grain yield were significantly increased by all fertilizer treatments, compared with the control. Interestingly, however, there were no significant differences in the tiller number and grain yield obtained by using NPK, nano-FeS 2 , and nano-FeS 2 + NPK. Mechanistically, as proposed by the authors, nano-pyrite induces seed peroxidase activity which, in turn, facilitates seed germination and early plant establishment. Furthermore, increased chlorophyll production was also observed as a mechanism for pyrite improvement of plant productivity. These findings demonstrated that seed dressing with nano-pyrite caused an "NPK-equivalent effect" on rice productivity. Hence, the authors concluded that using nano-pyrite could permit crops to be cultivated with little or no need for adding new NPK to the soil. While this conclusion is valid, considering the outcome of the nano product treatment without NPK addition, it is likely that the effect will be short-lived. At some point in time, NPK would have to be added to the soil during subsequent cropping events. It would be interesting to evaluate the temporal residual effect of the nano-FeS 2 treatment on crop performance.
Overall, the addition of non-P fertilizers such as micronutrients can have both positive and negative outcomes for P content of the crop. Micronutrients, such as Zn and Fe, even when applied through foliage, may stimulate P availability under low soil P content. Yet, on the one hand, lowered P uptake in high P soils due to micronutrients such as Zn will improve the Zn/P ratio thereby reducing the potential to form Zn phytate. On the other hand, lowered P content of plants due to inhibition of P uptake under high P fertilization by these other nutrients increases P fixation or leaching loss, depending on soil type.
Effect of P-fertilization strategies
Timing and placement Early plant development, especially of the root system, is critical for effective nutrient uptake throughout the growth cycle. P starvation inhibits plant root Winter wheat Enhanced P use efficiency and grain yield with foliar P applied Mosali et al. (2006) Corn and soybean Tri-and tetra-polyphosphate increased grain yield in both crops Barel and Black (1979b) elongation while inducing the proliferation of lateral roots (Péret et al. 2014 ). However, supposedly nutrient-poor soils may contain total (fixed) amounts of P that are 100 to 1000 times greater than crop demand (Van der Eijk et al. 2006 ). Thus, a well-developed root system is particularly relevant for the ability of extended roots to better scavenge larger soil volumes for P. Early soil P fertilization, especially when placed near the seed, helps to overcome the low soil P availability (de Willigen and van Noordwijk 1987) and allows the placement of only a fraction of the P needed to achieve similar crop performance, compared with surface broadcasting. Chien et al. (2009) reported that maize yields increased from 7 t ha −1 , with broadcast application of 11.6 kg P ha −1 , to 8.5 t ha −1 with banding at the same rate. Microdosing of 3 kg P ha −1 in the planting hole or beneath the dry-seeded drilled rice was found to consistently increase early vigor and almost tripled grain yield to 3 t ha −1 , with a P fertilizer agronomic efficiency of 356-817 kg grains kg −1 P, and a cost/benefit ratio of 3-12 in on-farm experiments, compared with broadcast of 6 kg P ha −1 (Vandamme et al. 2018) . Coating of seeds with P has been found in several instances to stimulate growth and yield but may hamper germination at higher concentrations (Smit et al. 2013) . Seed coating provides promising features for practical application, although it has yet to be investigated in great detail to maximize its benefits. Therefore, P-fertilization strategies that stimulate root growth at early stages of plant development, such as seed coating and P placement near seeds, may be very effective for enhancing P use efficiency.
Foliar P application In addition to application via soil, P could be applied to plant foliage, where it is equally physiologically relevant. However, most of the studies on foliar P application are focused on descriptions of application methods and resultant uptake or yield responses, with only minimal fundamental reflections on the physiological mechanisms involved in its uptake through leaves ). Thus, a clearer understanding of such mechanisms may facilitate identification of effective compounds and chemical packaging methods to enhance leaf penetration . Foliar fertilizers are generally applied as a curative measure to overcome immediate deficiencies. However, foliar application is recognized as a viable strategy to improve qualitative traits of food produce, such as enhanced micronutrient content, in particular Zn and Fe, or to increase produce shelf life, such as with boron (B) and Ca (Voogt et al. 2013; Rani et al. 2017; Sharma et al. 2019) . Not surprisingly, foliar P fertilization has been reported to be effective under P-deficient soil conditions, as opposed to conditions of sufficient P supply (Noack et al. 2010 ) as compared with soil applied P. Foliar P application has been evaluated in various agricultural crops, including soybean, wheat, clover, and corn, and reported to increase photosynthetic efficiency, delay leaf senescence, and Fig. 4 Schematic presentation of timing (expressed as crop development stages) and mode of application (red and blue boxes for soil and foliar) of specific nutrients and their functionalities, along with physicochemical properties of P-based fertilizer products (left dashed box for soil applied P, upper right dashed box for foliar P formulations). This schema exemplifies ways to attain anticipated outputs and social-environmental outcomes, while the outcomes, vice versa, govern fertilizer design and fertilization strategies. PR = phosphate rock; nPR = nano-size phosphate rock; WSP = water-soluble phosphate; nHAP = nano-hydroxyapatite; basal application = pre sowing fertilization; split application = applying the total recommended fertilizer rates at different times, as opposed to one-time application increase yields as compared with soil applied P (Table 1) . Upon foliar application, 30-60% of the P may be taken up and translocated to other parts of the plant within 2 to 3 days. Subsequently, remobilization of P at high rates from older to younger leaves occurs, ostensibly contributing to delaying senescence. Foliar P application was reported to increase enzymatic activities related to sucrose production, leading to increased sugar content in sugarcane (Pawar et al. 2003) . The most appropriate timing for foliar P application to increase growth rate and yield, ranges from canopy closure to anthesis or tasseling (Noack et al. 2010) . Overdosing can cause leaf burn, but the detrimental effect depends on the phosphate formulation used, e.g., more P can be added in polyphosphate compounds, compared with orthophosphate forms. Maximum concentrations of 1.3% in solutions of triand polyphosphates have been noted, as compared with 0.5% orthophosphate on corn leaves without damaging the plant (Barel and Black 1979a) . Application of ammonium tripolyphosphate, followed by ammonium polyphosphate and phosphoryl triamide, was evaluated on maize, and these were determined to be the most effective compounds, compared with orthophosphates in preventing damage (Noack et al. 2010 ).
Reflections on P fertilization strategies for human and environmental health
The need for P fertilization to guarantee food and nutritional security for the current 7.7, and future 10, billion global population is evident. P fertilization increases yield, but it also reduces the bioavailability of Zn, Fe, and other essential nutrients to humans and pollutes the environment, due to low plant uptake efficiencies. Innovative P fertilizer products and fertilization strategies must, and can, be developed to markedly reduce these unintended negative environmental and health effects of excessive P. The fact that the physiological P requirement is generally lower than the amount of P taken up by plants provides an opportunity to design and apply fertilization strategies to reduce total P supply and uptake, without penalty on the yield and nutritional value of the produce. Hence, improvement of the nutritional value of staple crops through reduced PA and increased Zn and Fe contents ought to be among the most important drivers for innovative fertilizer products and application technologies. This will contribute to fighting hunger and human deficiencies of essential micronutrients, reduce the total P supply and uptake by plants, enhance P uptake efficiency, and reduce residual P and runoff loss from fertilization. The end goal of these outcomes is the ultimate reduction in the amount of new P added into the agricultural space. The identified P-based fertilizer products and fertilization strategies elaborated in the previous sections have been systematically organized to exemplify possible crop management interventions in Fig. 4 .
Bringing the promise of these technological opportunities to fruition calls for a transformation of the fertilizer sector, driven by a novel interest for fertilizers to simultaneously serve multiple societal goals. To this end, multiple stakeholders from various sectors, including nutrition and health, agriculture, environment, and fertilizer industry, must drive such transformation.
